The molecular structure of the equine herpesvirus type 1 (EHV-1) gene encoding glycoprotein 13 (gpl3) was analyzed. The gene is contained within a 1.8-kilobase AccI-EcoRI restriction fragment mapping at map coordinates 0.136 to 0.148 in the UL region of the EHV-1 genome and is transcribed from right to left. Determination of the nucleotide sequence of the DNA fragment revealed a complete transcriptional unit composed of typical regulatory promoter elements upstream to a long open reading frame (1,404 base pairs) that encoded a 468-amino-acid primary translation product of 51 kilodaltons. The predicted protein has the characteristic features of a membrane-spanning protein: an N-terminal signal sequence, a hydrophobic membrane anchor region, a charged C-terminal cytoplasmic tail, and an exterior domain with nine potential N-glycosylation sites. The EHV-1 DNA sequences expressed in Xgt1l as gpl3 epitopes were present in the open reading frame. Amino acid sequences composing a major antigenic site, recognized by 35% of a panel of 42 anti-gpl3 monoclonal antibodies, were identified in the N-terminal surface domain of the deduced gpl3 molecule. Comparison of the EHV-1 gp13 DNA sequence with that encoding glycoproteins of other alphaherpesviruses revealed no detectable homology. However, a search for homology at the amino acid level showed regions of significant sequence similarity between the amino acids of the carboxy half of EHV-1 gp13 and those of the same region of gC-like glycoproteins of herpes simplex virus (gC-l and gC-2), pseudorabies herpesvirus (gIHl), and varicella-zoster virus (gp66). The sequences of the N-terminal portion of gpl3, by contrast, were much less conserved. The results of these studies indicate that EHV-1 gpl3 is the structural homolog of herpes simplex virus glycoprotein C and further suggest that the epitope-containing N-terminal amino acid sequences of the herpesvirus gC-like glycoproteins have undergone more extensive evolutionary divergence than the C-terminal sequences.
Equine herpesvirus type 1 (EHV-1) is a ubiquitous herpesvirus of horses associated with epidemics of abortion, respiratory tract disease, and central nervous system disorders (2) . Two cross-neutralizing, molecular subtypes of EHV-1 exist which differ in antigenicity, restriction endonuclease cleavage profile, and pathogenicity for horses (for a review, see reference 2). The genome of each of the two EHV-1 subtypes consists of a linear, double-stranded DNA of approximately 96 x 106 daltons, with an estimated coding capacity of 80 to 100 genes (62; A. Cullinane and A. Davison, Equine Infect. Dis., in press). Of interest for this report are the genes encoding the surface glycoproteins of the virion envelope. Herpesvirus glycoproteins are important in interactions of the virus with the host immune system as well as in mediation of essential viral functions such as cellular attachment, entry, and pathogenicity (50, 51) .
Both subtypes of EHV-1 specify six high-abundance glycoproteins designated gp2, gplO, gpl3, gpl4, gpl7/18, and gp21/22a (2, 4, 55) . While considerable progress has been made in the characterization of glycoproteins of a variety of other alphaherpesviruses (1, 7, 8, 15, 16, 18, 19, 25, 26, 30, 37, 39, 40, 41, 43, 54, 57, 58, 61) , little is known about the molecular or antigenic structure of EHV-1 glycoproteins. We recently determined the genetic loci of the DNA sequences encoding the six major glycoproteins of EHV-1 (4) . Three of these EHV-1 glycoproteins (gpl4, gpl3, and gpl7/ 18) mapped to positions colinear with those for herpes simplex virus (HSV) glycoproteins B, C, and E, respectively. EHV-1 gpl3, whose coding sequences were localized to the UL region of the viral genome between 0.11 and 0.15 map units, was selected as the glycoprotein upon which to focus our current research. By using a panel of 42 monoclonal antibodies, many of the antigenic characteristics of gpl3 have been determined and reported (G. Allen, M. Yeargan, and L. Coogle, Equine Infect. Dis., in press). The antigenic epitopes of EHV-1 gpl3 are predominantly subtype specific, exhibit much interisolate variability, and may elicit neutralizing antibody.
In this article, we report the further characterization of EHV-1 gpl3, including the determination of the complete nucleotide sequence of the coding gene for this major EHV-1 glycoprotein, the localization on the protein of an immunodominant antigenic site, and the demonstration of significant amino acid homology with gC-like glycoproteins of several other alphaherpesviruses.
MATERIALS AND METHODS
Virus, cells, and viral DNA isolation. The Kentucky T431, subtype 1 strain of EHV-1 (5) was propagated in equine dermal cells as previously described (56) . Extracellular virus was concentrated from EHV-1-infected cell cultures and purified by isopycnic banding in potassium tartrate gradients (56) . EHV-1 DNA was isolated from purified virions as described previously (3) .
Construction of Agtll library expressing EHV-1 gpl3 determinants. The EcoRI site in the ,3-galactosidase gene of A nested set of overlapping deletion subclones of the BamHI-EcoRI fragment inserted in mpl8 was prepared for sequencing by the exonuclease III method of Henikoff (20) (20) , in which an ordered set of overlapping deletion subclones of the insert DNA to be sequenced is generated with exonuclease III. The locations on the parent sequence of the individual subregions of DNA that were sequenced are shown in Fig. 1 . Each nucleotide of the DNA was sequenced at least twice; generally, three to four determinations were made for each region. Gaps in the sequence were filled in by using custom oligonucleotide primers to extend the DNA sequence from existing clones through the sequence gaps (53) .
Analysis of nucleotide sequence of gpl3 gene. The entire nucleotide sequence of the 1,765-bp AccI-EcoRI fragment (map coordinates 0.136 to 0.148) was determined (Fig. 2 ). An open reading frame (ORF) of 1,404 bp was present that contained the 200-to 400-bp EHV-1 DNA subsequences cloned and expressed in Xgtll as epitopes reactive with gpl3-specific monoclonal antibodies. At least 16 stop codons were present in each of the other five reading frames within the same region of DNA (Fig. 3) . The coding potential of the 1,404 ORF was confirmed by a codon usage analysis (52) using EHV-1 gpl4 as a standard for codon usage bias (M.
Whalley, personal communication). Final verification of the authenticity of this reading frame for gpl3 was obtained by sequencing of the EHV-1 DNA inserted into Xgtll and expressed as an in-frame fusion protein with P-galactosidase (24) .
The overall base composition of the single, long ORF was 24.7% A, 21 .6% T, 25 .2% G, and 28.4% C. The first of five ATGs in the 1,404-bp ORF conforms sufficiently to Kozak's consensus sequence of a strong translation initiation signal (27, 28) . Although the second in-frame ATG is also in a favorable context for translation initiation, it is not followed by nucleotides encoding a membrane insertion signal sequence. The proposed chain termination codon, TAG, is found at nucleotide position 1528.
The DNA sequence for 123 bases upstream and 237 bases downstream of the coding sequence was also determined to (10) . By using the observed upstream distances of such promoter elements from transcriptional start sites (i.e., -70 to -85 and -20 to -35, respectively), the transcriptional start site of the gpl3 gene can be predicted to be in the region of nucleotides 75 to 90 (10 (16, 54) .
Nucleotide sequences within the 5' untranslated leader of the predicted gpl3 mRNA that are complementary to the 18S rRNA sequence 3'-AGGAAGGCGT-5' could not be identified. Likewise, no sequences with the properties of consensus donor or acceptor splice junction sequences were present in the ORF (35) .
Predicted amino acid sequence of EHV-1 gpl3. The deduced amino acid sequence for the polypeptide encoded by the 1,404-bp ORF is indicated in Fig. 2 positive charge similar to that of the cytoplasmic domains of other herpesvirus glycoproteins (7, 16, 61) .
The 397-amino-acid surface domain of gpl3 is predicted from secondary structure analysis (9) to consist predominantly of extended a-strands linked by regions of a-turns (data not shown). This surface domain contains regions of both extended hydrophobicity and hydrophilicity and may represent the internal and surface regions, respectively, of the exterior, globular domain of gpl3. Nine potential Nlinked glycosylation sites (Asn-X-Ser/Thr) are present in this surface domain between the putative signal sequence and transmembrane anchor of the protein (see Fig. 2 ). M13mpl8 and sequenced. The maximal boundaries of the gpl3 epitope-encoding sequences that were expressed in E.
coli by Xgtll were thus localized within the gpl3 gene to a region between nucleotides 529 and 694 (Fig. 2) . This region encodes amino acids 136 to 191 in the N-terminal surface domain of the predicted glycoprotein molecule. Contained within this protein subregion is the most hydrophilic sequence of six contiguous amino acids present in the gpl3 molecule (positions 145 through 150; Glu-Arg-Lys-Lys-SerArg) that is predicted by the algorithm of Hopp and Woods (22) to comprise an antigenic site. Studies using synthetic oligopeptides to define more precisely the amino acids within this protein region that contribute to the antigenic site are under way.
Homology between gpl3 and other herpesvirus glycoproteins. IQata presented by Davison and Wilke (12) indicate that the L segment of the EHV-1 genome is colinear with that of the 'L isomer of HSV. The coding sequences of EHV-1 gpl3 therefore map to a position on the genome that is colinear with the genes for HSV gC-1 and gC-2 (i.e., 0.12 to 0.14 map units on the HSV 'L isomer; 16, 54) . To verify that gpl3 is the EHV-1 structural homolog of gC-like glycoproteins of other herpesviruses, its DNA and protein sequences were compared with those of the gC-like glycoproteins of the three other alphaherpesviruses for which nucleotide sequence data is available: HSV, pseudorabies herpesvirus (PRV), and varicella-zoster virus (VZV) (16, 26, 41, 54) . 
ACGCGAATCTCTACGGTGT CTATTT CGGGAGATCACATCCCAGTCTTCG CTGACATAGCTGTACGGGACGAGATCATTTGTCGCTACCAAGTGGA (16) , PRV glll (41) , and VZV gp66 (26) . The sequences were aligned with the BIONET GENALIGN program of Sobel and Martinez (49) . Locations of the amino acid sequences shown for the proteins are given at the left of each sequence. Gaps have been introduced by the alignment program to maximize the homology. Only one of the eight copies of the 14-amino-acid repeat present in VZV gp66 (26) was included in the alignment. Amino acids that are identical in any two aligned sequences are indicated by the connecting vertical lines.
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four glycoproteins. Of the 187 amino acids in this region of the gpl3 molecule, only 14 (7%), 27 (14%), and 21 (11%) were identical in gIII, gC, and gp66, respectively. Furthermore, none of the 187 N-terminal amino acids of gpl3 were perfectly matched in all four glycoproteins. The difference between the N-and C-terminal conservation of amino acid sequences among the four gC-like glycoproteins was visually illustrated by the matrix homology plot of Pustell and Kafatos (38) . Plots of the gpl3 amino acid sequence against that of each of the other three gC-like glycoproteins revealed the better matching of amino acids in the carboxy-terminal sequences, as indicated by the more solid diagonal lines in that region (data not shown).
There are nine potential N-glycosylation sites in gpl3, eight in both HSV gC and PRV gIII, and five in VZV gp66. Although none of these possible N-linked oligosaccharide sites are at conserved positions in all four proteins, two of the gp13 sites (amino acids 103 and 269) are present in matching locations in PRV gIII. DISCUSSION As part of a long-term research project designed to characterize the antigens of EHV-1 responsible for stimulating or suppressing protective immunity in horses, we have begun to examine the molecular properties of the major glycoproteins of EHV-1. In this report, we have extended our analysis of an EHV-1 glycoprotein that shows significant homology to glycoprotein C of human HSV. The importance of gC-like glycoproteins in eliciting immune responses has been well documented for other herpesviruses. Glycoprotein C of HSV-1, for example, has been reported to be the immunodominant antigen for eliciting cytotoxic T-cell responses in mice (17, 44) . Likewise, the majority of the virus-neutralizing activity against PRV present in convalescent serum of PRV-infected swine has been demonstrated to be directed against the PRV counterpart of gC (glll) (6) .
Although the function of EHV-1 gpl3 is unknown, its importance in the immune response to EHV-1 infection is indicated by the presence of anti-gpl3 antibody in the serum of convalescing horses and by the finding that several anti-gpl3 monoclonal antibodies will neutralize viral infectivity (G. Allen et al., in press).
The present study has allowed the precise identification and mapping of the EHV-1 gene for gpl3 and has demonstrated unequivocally that (21, 42, 65) . Examination of this aspect of the question must therefore await further clarification of the function(s) of gC-like glycoproteins in the herpesvirus-host interaction. Pertinent to the latter hypothesis, however, is the observation that some of the most homologous amino acid sequences among the four gC-like glycoproteins examined occur in the structurally essential transmembrane anchor domain.
The overall lack of conservation of homology in the primary structure for gC-like glycoproteins of alphaherpesviruses, in contrast to the highly conserved structure observed for gB-like glycoproteins (8, 13, 36, 47, 48) , does not suggest a conserved, essential replicative function for this gC family of glycoproteins. Rather, the highly divergent sequences of gC-like glycoproteins suggest a function that contributes to the adaptation of the particular virus type to its unique ecological niche within its specific host (for a discussion, see reference 32). This interpretation is consistent with the observation that the antigenic epitopes on the gC glycoproteins of the two biotypes of HSV (HSV-1 and HSV-2) and of EHV-1 (EHV-1 subtypes 1 and 2) are predominantly type specific, while those of gB-like glycoproteins are predominantly type common (50; G. Allen et al., in press).
